Abstract. ASP53, a 53 kDa heat soluble protein, was identified as the most abundant protein in the mature seeds of Acacia erioloba E.Mey. Immunocytochemistry showed that ASP53 was present in the vacuoles and cell walls of the axes and cotyledons of mature seeds and disappeared coincident with loss of desiccation tolerance. The sequence of the ASP53 transcript was determined and found to be homologous to the double cupin domain-containing vicilin class of seed storage proteins. Mature seeds survived heating to 60
Introduction
Acacia erioloba, the Camel thorn tree, grows in the semi-arid regions of Southern Africa. The seed pods are shed in midwinter and are an important source of nutrition for many species, especially the Gemsbok, Oryx gazella. Each pod contains ∼20 seeds, which are indigestible and are excreted in the surrounding area. The seeds only germinate when the rains arrive in mid to late summer, before which they are exposed to ground temperatures regularly exceeding 70
• C. Survival under these conditions might suggest that these seeds be classified as extremophiles and suggested the possibility of the presence of unusual late embryogenic abundant-like proteins in the mature seeds of this tree.
The survival of many plants is dependent to a large extent on the ability of the seeds they produce to withstand environmental conditions not conducive to vegetative growth (Roberts 1973) . Seeds of most plant species undergo desiccation as part of a normal developmental program on the parent plant before shedding into the environment. They acquire tolerance to desiccation during the mid to final stages of reserve accumulation, before the onset of maturation drying (Sun and Leopold 1993; Vertucci and Farrant 1995) . Acquisition of desiccation tolerance is coincident with the synthesis of non-reducing sugars and compatible solutes (Blackman et al. 1992; Horbowicz and Obendorf 1994; Scott 2000) , antioxidants (Leprince et al. 1994) , and stress-induced proteins (Bray 1997) , all believed to play a protective role in tolerance of severe water deficit (Vertucci and Farrant 1995) . These molecules are rapidly degraded during germination to provide a source of amino acids for protein synthesis and metabolic energy (Leprince et al. 1993; Vertucci and Farrant 1995) in the developing seedlings, a process that has been shown to coincide with the loss of desiccation tolerance (Blackman et al. 1991) .
Stress-induced proteins synthesised include the heat shock proteins and the late embryogenesis abundant (LEA) proteins. LEA proteins are a diverse group of poorly related proteins, which have been divided into at least six classes with different hydrophilicities and presumably different functions (for a recent review see Wise and Tunnacliffe 2004) . LEA proteins can constitute up to 4% of total cellular protein (Roberts et al. 1993) and have been reported to be present not only in seeds but in vegetative tissue, bacteria and arthropods (Kikawada et al. 2006) . Although the exact role of LEA proteins in plants has yet to be determined, these proteins are characterised by having a high hydrophilic amino acid content (Baker et al. 1988; Close et al. 1989; Dure et al. 1989) , a feature that has been proposed to allow them to act as water replacement molecules thereby stabilising macromolecules against desiccation stress (GarayArroyo et al. 2000) . An alternative hypothesis suggests that LEA proteins sequester ions accumulated during dehydration and interact with exposed hydrophobic surfaces of partially denatured proteins to prevent aggregation (Campbell and Close 1997; Close 1997) . Most LEA proteins have been proposed to display no structure in hydrated solution, only gaining structure on desiccation (Wise and Tunnacliffe 2004) . However, a LEA14 protein from Arabidopsis thaliana (L) Heynh. has recently been shown with NMR spectroscopy to display a defined structure in solution (Singh et al. 2005) . Strong circumstantial evidence exists that LEA proteins play a role in stress tolerance with specific roles suggested for some LEA and LEA-like proteins. The Saccharomyces cerevisiae LEA-like protein HSP12p has been proposed to act as a plasticiser in the cell wall of the yeast S. cerevisiae (Motshwene et al. 2004; Karreman et al. 2005 ) and the Typha pollen D7 protein was found to stabilise sugar glasses in an in vitro system (Wolkers et al. 2001) .
The cupin family of proteins comprises a wide variety of proteins from both prokaryotes and eukaryotes and includes the seed storage proteins (for reviews see Dunwell 1998; Dunwell et al. 2000 Dunwell et al. , 2004 . The cupin domain, first identified in jack bean [Canavalia ensiformis (L) DC] canavalin (Ko et al. 1993) , consists of six β-strands forming a β-barrel structure. Cupin domains have since been reported to be present in proteins from a wide variety of phyla within the bacterial and eukaryotic kingdoms and include not only seed storage proteins but also dioxygenases, isomerases, epimerases, decarboxylases, auxin-binding proteins, transcription factors as well as proteins that regulate seed germination and early seed development (Lapik and Kaufman 2003) . It has been suggested that the widespread occurrence of this domain in a variety of proteins is on account of its thermal stability and resistance to proteolysis (Dunwell et al. 2004) . Cupin domain-containing proteins would therefore be classed as genuine storage proteins, one feature of which is resistance to degradation during seed maturation (Shutov et al. 2003) . Several cupin domain-containing proteins, for example anthocyanidin synthase (Wilmouth et al. 2002) , quercetin dioxygenase (Fuzetti et al. 2002) and phosphomannose isomerase (Wilmouth et al. 2002) have biochemical activities associated with the cell wall. In addition, germin-like proteins have been shown to have enzymatic activities including oxalate oxidase and superoxide dismutase (Woo et al. 2000) as well as serine protease inhibitory activity (Segarra et al. 2003) .
This paper reports the identification of a cupin domaincontaining protein present in the cell walls and the vacuoles of the mature seeds of this tree. This protein was found to protect other proteins against thermal denaturation.
Materials and methods

Plant material
Newly shed Acacia erioloba E.Mey seed pods were collected from Auob in Southern Namibia and stored at −20
• C until used. To test whether the presence of the protein within embryos correlated with seed desiccation tolerance, mature seeds of A. erioloba were allowed to germinate to different stages (denoted by radicle length) on water-saturated filter paper at 30
• C in the dark. The variously germinated seedlings were subsequently desiccated at room temperature for 12 h with a flash-drying apparatus (Farrant et al. 1985) , and thereafter rehydrated at 30
• C in the light on a water-saturated filter paper to test for viability. Survival of seedlings was determined after 8 days, with seedlings exhibiting re-growth of the radicle and primary leaf formation scored as viable and, thus, tolerant of imposed drying. Total proteins were extracted from seedlings before dehydration, after dehydration and after rehydration to determine protein expression patterns.
The ability of seeds to withstand elevated temperatures was tested by placing whole, mature seeds into incubators set at temperatures of 30, 40, 50, 55 and 60 • C for 1 week. Seeds were germinated as outlined above to test for viability. Seed water content was determined gravimetrically by oven drying at 105
• C for 24 h. Mature seeds had a water content of 7% (g H 2 O g −1 dry mass) and flash drying for 12 h reduced embryo water content to this value.
Protein purification
Seed coats were removed and the embryos were homogenised with a Kinematica CH-6010 Ultra-turrex homogeniser (Lucerne, Switzerland) in ice-cold extraction buffer, 10 mM Tris-HCl 50 mM NaCl 5 mM MgCl 2 1 mM phenylmethanesulfonylfluoride (PMSF) pH 7.4, typically 10 mL g −1 . The protein was present in axes and cotyledons, and was extracted separately or pooled, depending on the experimental procedure to follow. The homogenate was centrifuged at 27 000 g using a Beckman JA rotor (Beckham, Fullerton, CA, USA) for 10 min at 4
• C after which the supernatant was incubated at 80
• C for 30 min. Heatcoagulated protein was removed by centrifugation as above. Heat soluble protein was fractionated on a Whatman CM 52 cationexchange column (Whatman, Kent, UK) previously equilibrated with 50 mM acetate (Na + ) 50 mM NaCl pH 5.0. Proteins were eluted with a gradient of 50 mM to 500 mM NaCl in this same buffer. Further purification was carried out by gel filtration with a Sephadex G-100 column (Sigma-Aldrich, Cambridge, MA, USA) using 20 mM HCl as the solvent. Final purification was performed by HPLC with a Jupiter C 18 reverse-phase column (Phenomenex, Torrence, CA, USA) equilibrated in 0.1% heptafluorobutyric acid (HFBA). Proteins were eluted using a linear 0-70% gradient of acetonitrile in 0.1% HFBA. Protein used for secondary structure analysis was not heat-treated, and the gel filtration step was performed with 50 mM phosphate (K + ) buffer pH 7.0. Proteins were eluted with this same buffer, pooled, concentrated by Amicon (Millipore, Billerica, MA, USA) ultrafiltration and re-applied to this same column. No HPLC purification was applied to this protein preparation. Heat treatment and HPLC purification were not used in case these methods resulted in irreversible protein denaturation.
Peptide identification and sequencing
A gel piece of 1 mm in diameter containing ASP53 was excised from a Coomassie-stained gel and in-gel digested with trypsin (Westermeier and Naven 2002) . Peptides were mixed with an equal volume of α-cyano-4-hydroxy-cinnamic acid and analysed by matrix assisted laser desorption/ionisation-time-of-flight (MALDI-TOF) mass spectrometry. The remainder of the digest was guanidinated with O-methylisoureahydrogen sulphate and sulfonated with the chemically activated fragmentation (CAF) reagent (Ettan, GE Healthcare, Amersham, Buckinghamshire, UK) before being analysed by MALDI-TOF mass spectrometry.
PCR and 5 RACE
Total RNA was extracted from mature seeds of A. erioloba using TRI-REAGENT (Molecular Research Center, Cincinatti, OH, USA). cDNA was synthesised from DNaseI-treated total RNA (2 µg) with Moloney murine leukaemia virus reverse transcriptase (M-MLV RT, Promega, Madison, WI, USA) and an anchored oligo dT primer (5 -GGGATCCT 18 (CAG)I-3 ). Complementary DNA together with the oligo dT primer and a degenerate primer, GSP 1, (5 -AA(CT)CA(AG)TA(CT)GA(CT)GCI(CTA)TI(CA)G-3 ) designed from the amino acid sequence of the 1577.7 Da peptide obtained by post source delay (PSD)-MALDI-TOF mass spectroscopy were used to amplify the ASP53 gene. The sample was denatured at 94
• C for 4 min before being subjected to 35 cycles of denaturation at 94
• C for 1 min, primer annealing at 55
• C for 1 min and extension at 72
• C for 2 min, followed by a final extension at 72
• C for 7 min in a GeneAmp PCR System 9700, Perkin Elmer (Applied Biosytems, Foster City, CA, USA). The purified PCR product was cloned into pGEM-T Easy vector and sequenced (Sanger et al. 1977) .
5 RACE was performed to determine the sequence of the 5 end of the ASP53 gene. cDNA synthesis was carried out using an Expand Reverse Transcriptase kit (Roche, Basel, Switzerland) in the presence of SMART IV oligonucleotide (Creator SMART cDNA Library Construction Kit, BD Biosciences Clontech, Palo Alto, CA, USA) and an anchored oligo dT primer. To amplify the 5 end of the gene, a gene specific antisense primer, GSP 2, designed from the DNA sequence of the RT-PCR product was used in conjunction with the 5 PCR primer (complementary to the SMART IV oligonucleotide that was ligated to the 3 end of the cDNA). PCR was performed using the Expand High Fidelity PLUS PCR System (Roche) in a GeneAmp PCR System 9700, Perkin Elmer (Applied Biosystems) by 30 cycles of sample denaturation at 94
• C for 30 s, primer annealing at 61
• C for 45 s and extension at 72
• C for 7 min. The purified 5 RACE product was cloned into pGEM-T Easy vector and sequenced.
Circular dichroism and thermal denaturation
The circular dichroism spectra of samples in 100 mM phosphate (K+) pH 7.4 were determined at temperatures between 20 and 80
• C. Spectra were obtained over the range 200-260 nm with a Jasco J-810 spectropolarimeter (Victoria, BC, Canada) with a 1-cm path length quartz cell at a protein concentration of 0.5 mg mL −1 in 100 mM K 2 HPO 4 pH 7.4. Subtraction of spectra was performed by subtracting the ellipticity (y 2i − y 1i ) at each wavelength x i (0.1 nm intervals between 200 and 260 nm) for each x,y data pair. Predictions of the relative secondary structure were made using CDNN software (http://bioinformatik.biochemtech.uni-halle.de/cdnn, accessed 2002).
Protein aggregation was monitored by measuring the light scattering of the solution in 100 mM K 2 HPO 4 pH 7.4 at 350 nm with a Pye-Unicam SP1800 spectrophotometer (Pye-Unicam, Cambridge, UK) with a custom-made heating block interfaced to an IBM PC through an Oasis A/D converter. Absorbance values were recorded every 0.2
• C between 20 and 90 • C at a heating rate of 1
• C min −1 . The maximum rate of thermal denaturation, the T m , was determined from calculating the rate of change of light scattering as a function of the temperature.
The activity of yeast alcohol dehydrogenase (ADH, Sigma Chemical Co., St Louis, MO, USA) was determined from the spectrophotometric increase in NADH + H + at room temperature at 340 nm with a Shimadzu UV-2201 spectrophotometer (Shimadzu, Kyoto, Japan). The assay mixture contained 0.01 mM NAD + 0.01 M ethanol 10 mM pyrophosphate pH 8.0.
Immunocytochemistry
Tissue processing for transmission electron microscopy (TEM) Several (>20) 5-mm 2 cubes of cotyledons and axes from at least five different mature seeds were processed for TEM as previously described (Sherwin and Farrant 1996) . Epoxy-resin- (Spurr 1969 ) infiltrated specimens were sectioned at ∼95 nm using a Reichert Ultracut-S microtome (Reichert, Vienna, Austria) and collected on nickel grids.
Antibody preparation and purification
The antibody used was prepared by injecting HPLC-purified protein in Freund's complete adjuvant into rabbits. Titres and specificity were determined by ELISA as described by Harlow and Lane (1988) . Immunocytochemistry using this antibody was performed as described previously (Motshwene et al. 2004) . The antibody detected the protein used to immunise the rabbits and failed to recognise any of the smaller proteins, possibly processing products, detected in Fig. 1 .
Immunogold labelling
Sections were sequentially incubated on drops of 1% (w/v) BSA in 0.1 M phosphate buffer pH 7.2 (PB) to prevent nonspecific antibody binding, and on 0.02 M glycine to block unreactive aldehyde groups, before incubation with the primary antibody diluted 1 : 1000 in 1% (w/v) BSA/PB at room temperature for 16 h. After washing in 1% (w/v) BSA/PB, the grids were floated on a drop of goat-anti-rabbit immunoglobin, to which was attached 10-nm diameter gold particles, diluted 1 : 50 in 1% (w/v) BSA/PB. Incubation was carried out for a minimum of 60 min at room temperature, after which the grids were rinsed with 1% (w/v) BSA/PB. Sections were fixed by floating the grids on 1% (v/v) glutaraldehyde for 10 min. After thoroughly rinsing the grids in water, samples were stained with 3% (w/v) uranyl acetate and 1% (w/v) lead citrate. Sections were examined for gold labelling with a Zeiss 200 SX (Zeiss, Göttingen, Germany) TEM. Control sections were probed with pre-immune serum in place of the antisera.
Results
A 53-kDa protein was found to be the most abundant in the total protein extracted from mature seeds of A. erioloba, constituting ∼47% of the total soluble protein in whole seeds.
This protein together with a few other proteins remained soluble after incubation at 80
• C for 30 min (Fig. 1) , suggesting that they were hydrophilic in nature. The 53 kDa protein, named ASP53 (Acacia seed protein of molecular size 53 kDa), was purified to homogeneity ( Fig. 1 ) and used to immunise rabbits for antibody production. Immunocytochemistry using this antibody showed label to occur only in the cell wall of the axis ( Fig. 2A) and cell walls and protein storage vacuoles in cotyledons (Fig. 2B ) of mature seeds. No gold particles indicative of the presence of ASP53 were detected when similar sections were probed with the pre-immune serum (Fig. 2C) .
To identify ASP53, purified protein was subjected to Edman degradation. Although trace amounts of the sequence GSEQQRQDEPT were found, RT-PCR of mRNA extracted from A. erioloba seeds with a degenerate primer directed to this sequence together with an oligo-dT primer failed to produce a PCR product. We next digested ASP53 with trypsin to obtain a peptide mass fingerprint, which was used to determine whether ASP53 was homologous to known proteins; no significant match was found (data not shown). The digest was next derivatised with O-methylisourea-hydrogen sulphate and the CAF reagent in a 2-step reaction and the derivatised digest analysed by MALDI-TOF mass spectrometry. Two sulfonated peptides with molecular masses of 1357 Da and 1578 Da were selected for sequencing by PSD-MALDI-TOF mass spectrometry. The sequences of these peptides were determined to be HL(I)QF(Mo)L(I)QDYR and TFVTL(I)NQYDAL(I)R, respectively. A degenerate primer to the sequence NQYDAL(I)R of the latter peptide together with an oligo-dT primer were used to amplify the C-terminal part of the ASP53 transcript. The complete transcript sequence was then determined with 5 RACE using an internal transcript-specific primer (Fig. 3) . This sequence showed an open reading frame (ORF) of 1358 bp between positions 81 and 1434 encoding a protein of 453 amino acids with a molecular weight of 51 kDa. The ORF contained a start codon, a stop codon 1353 bp downstream as well as a stop codon 9 bp upstream of the putative start codon, indicating that the full-length transcript sequence had been obtained. The presence of the sequence of the second peptide identified by PSD-MALDI-TOF mass spectrometry confirmed that the correct product had indeed been obtained. Only one clone was sequenced in full although other clones yielded partial sequences, which were the same as that of the clone sequenced.
Comparison of the sequence obtained with that of known proteins in the Uniprot database using Fasta (http://www.ebi.ac.uk/fasta, accessed 23 January 2007) showed that ASP53 was related to the known storage proteins β-conglutin, β-conglycinin, canavalin and vicilin with amino acid homologies identities of 38, 38, 35 and 34% and amino acid similarities of 71, 70, 71 and 71%, respectively. With the Interproscan software (http://www.ebi.ac.uk/interpro, accessed 23 January 2007) to search for relatedness to all known domains and protein families, ASP53 was proposed to have two cupin domains between residues 49 and 182 and between residues 253 and 419, as well as a signal peptide between residues 1 and 26. Removal of this signal peptide would generate the sequence EQQGQDERT similar to the sequence determined earlier, namely GSEQQRQDEPT, suggesting that a limited amount of ASP53 stored in the A. erioloba seed was processed for export from the cells. In plants, bicupin-containing storage proteins have been proposed to protect plants against biotic and abiotic stress (Berna and Bernier 1999) . Because these proteins have been shown to display high levels of thermal stability (Dunwell 1998) , it has been further proposed that cupin-containing proteins may be involved inter alia in heat stress responses (Dunwell et al. 2001) . Seeds of A. erioloba kept for 1 week in temperatures up to 60
• C germinated with no loss in seed viability or in the rate of radicle protrusion. In contrast, the same treatment resulted in the complete loss of viability of P. sativum seeds used as a control (data not shown). We next investigated the effect of temperature on the secondary structure of ASP53. Circular dichroism (CD) spectroscopic measurements showed that considerable secondary structure was associated with ASP53, the conformation of which was largely unchanged up to 80
• C (Fig. 4) . Deconvolution of the spectrum suggested that the protein consisted mainly of anti-parallel β-pleated sheets (41%) with a further 33% of the protein in a random coil and 19% in a β-turn conformation. Only small parts of the protein were in an α-helical (7%) or in a parallel β-pleated sheet conformation (5%).
LEA proteins, with which ASP53 displays several common features including solubility at high temperature and being present in substantial quantities, have been proposed to protect biological systems against desiccation and thermal stress. Because the conformation of ASP53 was minimally effected by elevated temperature, we investigated whether ASP53 could protect other proteins against thermal stress. This was performed by determining the effect of the presence of ASP53 on changes in target protein activity and conformation brought about by increased temperature. Thermal denaturation of proteins has been reported to occur in three phases. In the first stage, loss of enzymatic activity is concomitant with undetectable conformational changes surrounding the active site. In the second phase, significant conformational changes occur, which eventually result in unfolding of the protein and aggregation (third phase), brought about by hydrophobic interactions. Progression between phases is brought about by increased temperature or by increased time at an elevated temperature (He et al. 1997) .
To investigate whether ASP53 could prevent loss of enzymatic activity brought about by high temperature, yeast alcohol dehydrogenase (ADH) was incubated in the presence of varying concentrations of ASP53 at 55
• C and the activity determined as a function of time. The presence of ASP53, even at very high concentrations (>10 mg mL −1 ) was found to have no effect on the specific activity of ADH under the assay conditions used. Whereas incubation of ADH alone at 55
• C resulted in the complete loss of enzymatic activity after 50 min, incubation in the presence of 3 mg mL −1 ASP53 resulted in ∼20% of the enzymatic activity retained after this period (Fig. 5 ). This concentration of ASP53 reflected a ASP53 : ADH molar ratio of 37.5 : 1. The activity retained increased to ∼50% when the ASP53 concentration was increased to 6 mg mL −1 (molar ratio = 75 : 1) and to ∼65% in the presence of 12 mg mL −1 ASP53 (molar ratio = 150 : 1). We next determined whether the protection conferred by ASP53 was specific to this protein or whether other proteins had a similar effect. A protein of similar molecular weight, ovalbumin (45 kDa), was used in place of ASP53. Incubation of ADH in the presence of 12 mg mL −1 ovalbumin (molar ratio = 176 : 1) resulted in ∼20% of the enzymatic activity retained after 50 min, showing that ASP53 was substantially more effective at protecting ADH against thermal denaturation. The secondary structure of ADH was determined with CD spectroscopy before and after 1 h incubation at 55
• C, a procedure that resulted in the complete loss of enzymatic activity. No change in ADH secondary structure was found to occur; incubation at ∼85
• C was required to induce detectable conformational changes (data not shown).
Because ADH exhibited significant structural changes only at high temperature, a more labile target protein, haemoglobin, was chosen to investigate the effect of ASP53 on conformational changes brought about by increased temperature (Fig. 6) . The protection afforded by other proteins was not investigated because the majority of commonly available proteins undergo conformational changes themselves as a function of increased temperature. Circular dichroism spectroscopy of haemoglobin alone (Fig. 6A ) demonstrated that little change in the secondary structure occurred up to 50
• C. Increasing the temperature to 60
• C and above resulted in more pronounced conformational changes being observed indicated by a general decrease in the ellipticity, with a correlation between the magnitude of the change and the temperature. To investigate whether the presence of ASP53 affected the conformation of haemoglobin or vice versa, haemoglobin was incubated together with ASP53 at a molar ratio of ASP53 : haemoglobin of 3.4 : 1 and the circular dichroism spectrum of the solution (Hb + ASP53) determined, after which the spectrum of ASP53 was subtracted. The resultant spectrum of haemoglobin in the presence of ASP53 (Hb + ASP53) − (ASP53) (not shown) was found to be very similar, i.e within experimental error of the 'noise' associated with any spectral determination, to that of haemoglobin alone, suggesting that the presence of ASP53 had no effect on the conformation of haemoglobin. The spectrum of the haemoglobin together with ASP53 was next determined at different temperatures up to 80
• C and the contribution of haemoglobin assessed by subtracting the ASP53 spectrum at each temperature. We found that incubation of haemoglobin together with ASP53 resulted in a general preservation of the secondary structure of haemoglobin at increased temperature ( Fig. 6B) , with a significant reduction in conformational changes observed as a function of temperature. Thus, the conformation of haemoglobin at 60
• C was remarkably similar to that observed at 20
• C with significant conformational changes only detected at 70
• C and above (Fig. 6B) . In an attempt to quantitate these changes, the effect of ASP53 on the α-helical content of haemoglobin, determined from the ellipticity at 225 nm, was determined as a function of temperature. This showed (Fig. 6C ) that the presence of ASP53 protected the α-helical content of haemoglobin against thermal denaturation up to 50
• C. Above this temperature the α-helical content decreased but at a far lower rate than that observed in the absence of ASP53.
To investigate whether ASP53 could prevent the aggregation of unfolded proteins, we used the temperature dependent aggregation of a diluted solution of total chicken egg white protein as a model system. Increasing the temperature of this solution resulted in no turbidity, determined from the 350 nm absorbance, up to 70
• C, after which it increased markedly reaching a plateau at ∼80
• C (Fig. 7) . Inclusion of ASP53 in the egg white protein solution at a molar ratio of 0.3 : 1 resulted in a marked decrease in the turbidity observed. A further increase in the concentration of ASP53 present resulted in a concentrationdependent decrease in the turbidity observed, with a molar ratio of 2.4 : 1 completely abolishing protein aggregation (Fig. 7) . Concomitant with the decreased turbidity observed, the T m of the denaturation transition increased from ∼72
• C in the absence of ASP53 to ∼77
• C in the presence of ASP53 at a molar ratio of ASP53 : egg white protein of 1.2 : 1 (data not shown).
Finally, because LEA-like proteins with properties akin to ASP53 have been shown to have accumulation and loss patterns correlated with onset and loss of desiccation tolerance (Baker et al. 1988; Close et al. 1989; Blackman et al. 1991 Blackman et al. , 1992 Russouw et al. 1995 Russouw et al. , 1997 Vertucci and Farrant 1995;  (A) ; the 225 nm ellipticity of haemoglobin in the presence of 0.6 mg mL −1 ASP53 (-) was determined by subtracting the spectra of ASP53 (Fig. 4) from the spectra shown in (B). The error bars reflect data from three separate experiments. Bray 1997), we tested for the presence of this protein during loss of desiccation tolerance in germinating seedlings. The ASP53 content as determined by SDS-PAGE was measured on germination ( decreased in both axes and cotyledons during germination and was undetectable in axes of seedlings with a radicle length of 50 mm (Fig. 8) . Dehydration of seedlings with radicle lengths of 15 and 25 mm to 7% water content (dry mass basis) allowed normal re-growth on rehydration, whereas seedlings with a radicle length of 50 mm lost the ability to resume growth following such drying. This correlation between the loss of ASP53 content in the radicle and the inability of the germinated seedling to resume growth after desiccation and subsequent rehydration suggested a possible involvement of this protein in the acquisition of desiccation tolerance in A. erioloba.
Discussion
We have identified a 53 kDa heat soluble protein, ASP53, as the most abundant protein present in the mature seeds of A. erioloba. ASP53 was found to be related to several globulin seed storage proteins, namely β-conglycinin, vicilin and canavalin, and to protect other proteins against thermal denaturation and also possibly act in a LEA-like manner to protect against desiccation damage. ASP53 was located largely in the cell wall of embryonic axis cells and cell walls and protein containing storage vacuoles of cotyledons from mature seeds. It was present in mature desiccation-tolerant seeds, but disappears from the axis tissue concomitant with loss of desiccation tolerance during seed germination. The dual subcellular location suggests a possible dual function for this protein -as a protectant against stress and as a storage reserve for metabolism on germination. Recently precedent has been set for such dual functions in glycolytic enzymes and the stress response protein Hsp12p in yeast. Thus, several reports have showed the presence of enzymes of the lower part of the glycolytic pathway in the cell wall of the yeast S. cerevisiae (Pardo et al. 2000; Delgado et al. 2001; Motshwene et al. 2003) . Although some reports have suggested that these cell wall-located glycolytic enzymes might be 'moonlighting' proteins, i.e. having an alternative function in this alternate location (Jeffery 2003) , we have showed that these enzymes are active, providing that the necessary substrates and cofactors are supplied in the medium (Motshwene et al. 2003) . Moreover, the stress response protein Hsp12p is present in both the cytoplasm and the cell wall (Mtwisha et al. 1998; Motshwene et al. 2004 ). Thus Hsp12p is not only present in the total extract of S. cerevisiae cells after the cells have been disrupted by abrasion using a ball mill, but is also present in the alkali extract of whole cells, a process that selectively extracts proteins from the cell wall. This dual location has been confirmed with immunocytochemistry (Motshwene et al. 2004) . ASP53 was found to be soluble at high temperatures like the LEA proteins. Whereas LEA proteins have little secondary structure and are soluble at high temperature on account of their high hydrophilicities (Russouw et al. 1997) , ASP53 displayed considerable secondary structure, which was maintained independent of the temperature. The demonstration that ASP53 can protect other proteins against thermal denaturation and aggregation is a novel activity for a protein, although the protection of proteins by compatible osmolytes is well known (for a review see Yancey 2005) . We propose that this activity is mediated by ASP53 acting as a water replacement molecule by forming hydrogen bonds with target macromolecules. The presence of the thermally stable cupin fold is presumably a requirement for ASP53 to maintain its hydrophilic exterior at high temperature. Although we have not investigated whether ASP53 has associated enzymatic or inhibitory activity, we have recently proposed that one function of the yeast S. cerevisiae hydrophilic stress response protein Hsp12 is to act as a plasticiser in the cell wall (Motshwene et al. 2004; Karreman et al. 2005 Karreman et al. , 2007 . ASP53 may have a similar function, as it would inhibit hydrogen-bonded interactions between adjacent polysaccharide chains in the cell wall thereby leading to increased flexibility. Maintenance of the correct cell wall flexibility might be important in the desiccated state so as to retain cell wall integrity upon water ingress during germination. This process would be analogous to maintenance of membranes in the liquid crystalline phase during desiccation, a process brought about in yeast by trehalose (Mansure et al. 1994) and Hsp12 (Sales et al. 2000) .
